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Abstract. The thin sheets of calcite. termed folia, thai

make up much of the shell of an oyster are covered by a

layer of discrete globules that has been proposed to consist

of agglomerations of protein and mineral. Foliar fragments,

treated at 475
r) C for 36 h to remove organic matter, were

imaged by atomic force microscopy ( AFM) as crystals grew
on the foliar surfaces in artificial seawater at calcite super-

saturations up to 52-fold. Crystals were also viewed later by

scanning electron microscopy. After pyrolysis. the foliar

globules persisted only as fragile remnants that were

quickly washed away during AFM imaging, revealing an

underlying morphology on the foliar laths of a tightly

packed continuum of nanometer-scale protrusions. At inter-

mediate supersaturations, crystal formation was seen imme-

diately almost everywhere on these surfaces, each crystal

having the same distinctive shape and orientation, even at

the outset with crystals as small as a lew nanometers. In

contrast, nucleation did not occur readily on non-pyroly/ed

foliar surfaces, and the crystals that did grow, although

slowly at intermediate supersaturalions. had irregular

shapes Possible crystallographic features of foliar laths arc

considered on the basis of the morphology of eclopic crys-

tals anil the atomic patterns of various surfaces. A model for

foliar lath formation is presented that includes cycles of

pulsed secretion of shell protein, removal of the protein

from the mineralizing solution upon binding to mineral, and

mineral growth at relatively high supersaturalion over a

time frame of about I h lor each turn of the cvcle.
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Introduction

The mineral of most molluscan shells is CaCO, that

routinely contains less than a few percents and often less

than \7c by weight of the shell as organic material, mostly

protein. One objective of shell research is to understand how

the shell is put together, particularly the relationships be-

tween the mineral and the organic components. The intrin-

sic appeal of exquisite biominerals like shells has been

advanced in recent years by an appreciation of the material

properties of the structures (Heuer et ai. 1992: Sarikaya et

nl.. 1995: Mann. 1496: Stupp and Braun. 1997; Weincr and

Addadi. 1997). A variety of studies have shown that bio-

logical composites like shell have particularly favorable

properties, including increased durability and resistance to

fracture. Such properties arc considered to result from the

interplay of the organic and inorganic components, even

though the organic content is quite low by composite-

materials standards.

In the case of the oyster shell, which is composed of

calcile and is representative of many kinds of molluscan

shell, the mineral even within a lew millimeters of the

forming edge is formed into layers of thin sheets, termed

folia (Tsiijii el <il.. I95X: Carnker and Palmer. 1979; C'ar

riker et nl.. 19X0). The foliar layers form the bulk of the

shell. Each foliar sheet is subdivided into units termed laths,

with each sheet |iisi one lath unit of up to only a few

hundred nanometers in thickness (or height). An entire

loliar sheet may be quite large depending in part on ilk-

dimensions of the shell, and is composed of many laihs

laying side by side. Each lath may be typically about 2 /xm

wide and perhaps up to 10 /um long (Watabe et ai. 1958:

Walabe and \\ilbui. I 96 I ; Watabe, 1965).

\A e have suggested that the organic component of folia
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consists of foliar globules, which themselves appear to he

composites of protein and mineral. The foliar globules are

packed closely together and overlay each foliar lath (Sikes

el ul., 1998). A typical foliar globule is formed into an

ellipsoid of about 10 to 40 nm in height, 50 nm in width, and

100 nm in length. Evidence from chemical, enzymatic,

immunologic analyses and from both atomic force micros-

copy (AFM) and scanning electron microscopy (SEM) sug-

gested that the globules are proteinaceous. On the other

hand, it also appeared that the foliar globules are mineral-

ized, as evidenced by their dimensions, the measured con-

tent of protein in foliar layers, and their invariant appear-

ance when viewed by AFMboth dry and in fluids. However,

when subjected to conditions of supersaturation with respect

to calcite in artificial seawater, including periods of spon-

taneous nucleation and crystal growth in the bathing fluid,

the foliar globules generally did not support crystal growth

as viewed continuously by AFM.
The purpose of this investigation was to further probe the

identity of the foliar globules through pyrolysis followed by

AFM and SEM comparisons of the pyrolyzed and non-

pyrolyzed foliar surfaces. Pyrolysis was selected for this

purpose because the foliar globules were resistant to treat-

ment with HOC1and NaOH, presumably due to the shield-

ing effect of the mineral component (Sikes et ul.. 1998). The

foliar globules were pyrolyzed by subjecting them to 475"C

for 36 h, conditions that are reported to remove all of the

organic matter without affecting the mineral (Paine, 1964;

Price et ai. 1976; Dean, 1992).

Crystal nucleation and growth on pyrolyzed and control

surfaces were monitored at supersaturations (O) over the

range of H = 10.7 to 52.5. The extent and morphology of

crystal formation were revealed, including the influence of

II on morphology.
The results showed that the pyrolyzed surface was much

more active in promoting crystallization at all levels of O.

The foliar globules of the control surface did not support

crystal formation at the lower values of II. At higher fl,

crystals did emerge from foliar globules. These crystals had

irregular morphology and appeared to form on the basal

(00 1 ) plane of calcite. Conversely, the morphology of

ectopic crystals was completely different on pyrolyzed and

non-pyrolized (control) surfaces. Morphological and AFM
analysis at the atomic level of ectopic crystals on pyrolyzed

surfaces suggested that the foliar globules were associated

with (1 -1 0) planes and that the c axis of calcite was

parallel to the long axis of the foliar laths. This indicated

that elongation, the principal axis of growth of foliar layers,

may occur along the c axis, other prominent examples of

which include the stacking of nacreous tablets of shells and

elongation of echinoderm spicules (Weiner and Addadi,

1997).

The foliar globules did not appear to be nucleation sites

for the next foliar layer, at least not at low to moderate

levels of supersaturation. Rather, they behaved like com-

posites of protein and (presumably) amorphous CaCO3 that

limit thickening of foliar laths and probably contribute to

flexibility and durability of the shell. Possible locations for

continued mineral growth of the shell include putative,

dispersed mineral interconnections along the foliar surfaces,

as well as exposed mineral at the leading edges of foliar

laths.

A cyclic model of foliar lath formation is proposed on the

basis of measured rates of shell enlargement in vivo, rates of

calcite growth at different levels of II in vitro, and measured

interactions of soluble, oyster-shell protein with calcite in

vitro. The model includes pulsed secretion for a minute or

so of matrix proteins, largely in gelling form, followed by

removal of the protein from the mineralizing fluid upon

binding to exposed mineral. This interaction of matrix and

mineral would limit and shape the underlying mineral lath.

Mineral deposition of the next layer would then ensue at

relatively high II over a time frame of about 1 h. These

events would be repeated, with a new foliar layer formed at

each turn of the cycle.

Materials and Methods

Ovster shell folia

Freshly shucked shells of the Eastern oyster, Crassostrea

virginica, were gently fractured by compression with a

Carver press at a loading of about 200 psi. Large fractured

fragments of shell were then held manually to maintain their

orientation, and white, pearlescent foliated chips were

picked out by hand while being viewed with a binocular

dissecting microscope so that the external (facing the sea)

and internal surfaces (facing the mantle) were known. Con-

trol chips were then glued, usually with the inner surface up,

onto a 12-mm glass disc on a partially air-dried (5 min)

10-/il droplet of commercial polyurethane (Minwax) diluted

3:1 with dichlorornethane to promote rapid drying and thin

distribution of the polyurethane on the glass. The amount of

polyurethane was minimized such that there was enough to

provide stable adhesion of the chip to the glass disc during

extended viewing in fluids, but without an excess that might

wick up onto the upper surface of the chip. The glass disc

itself had previously been glued with cyanoacrylate (which

was not compatible with viewing in fluids) to an SEMstub

for use with an AFM scanner that had been custom-fitted

with an SEMstub holder.

There were no clear differences in appearance between

inner and outer surfaces of control chips. Only inner sur-

faces were studied in control treatments. Following AFM
viewing, the same chips then were viewed by SEM.

The chips ranged from 1 to 3 mmin linear dimensions

and typically weighed less than 1 mg and not more than 3

mg. This made them big enough to manipulate but small

enough that they easily fit in the fluid cell of the AFM
(volume of about 150 /ul) and did not rapidly deplete soluble
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lattice ions during the flow -through conditions of crystal

growth.

Pyrolysis

About 10 tohar chips were placed in a 30-ml glass vial

for each treatment in a muffle men (Blue \l I kvtric Co.) at

475" 10
= C for 36 h. Following pyrolysis, some vials were

capped and the chips stored in air. Other vials were lined

with gas-tight caps and the vials purged with dry nitrogen.

The purpose of this treatment was to control for the possible

reaction of CO2 in humid air with the pyroly/ed surface. In

yet other cases, some of the pyroly/ed chips were rinsed

three times in the vials with 10 ml of CaCO_,-saturated water

with magnetic stirring for 10 min. followed by decanting of

the fluid after each rinse. After the lust rinse, the chips were

manually blotted onto filter paper, then placed back in the

\ial. and stored in dry nitrogen. The rinsing fluid was

prepared as the supernatant of a slurry of I g of reagent-

grade calcite in KM) ml of \\ater, stirred lor at least 24 h. The

purpose of rinsing was to remove any pyrolytic products

that may have remained on the surfaces.

If the chips were simply stored in air after pyrolysis, their

surfaces were observed to change at the nanometer level

over a period of weeks. Initially, the pyrolyzed surfaces

appeared to be relatively featureless and free of the globular

morphology, but powdery until rinsed clean during imaging

in saturated artificial seawater. After weeks to months,

however, some nanoscale crystals would develop on the

surfaces. e\en though the chips were stored "dry" in air.

Presumably these were calcite crystals that formed as a

result of cycles of relatively drier and more humid condi-

tions in the saturated, hydrated layer on crystal surfaces in

humid air. Accordingly, all images reported herein were

taken from chips that were stored in nitrogen.

To verify the method and to observe the relative stability

of control calcite surfaces, chips of calcite similar in size to

the foliar chips were subjected to the pyrolytic treatment,

stored in air or in dry nitrogen, and observed hy AFMboth

dry and in fluids. The calcite chips were obtained by gently

striking a large calcite rhombohedron (4 cm in length:

Watkins Mineral Corp.. Wichita Falls, Texas) wilh a ia/or

edge, producing small rhombohedral fragments. All sm

faces of these rhombohedrons were observed by AFM to be

the (I 04) cleavage surfaces and remained so after pyiol

ysis, which is understandable in that calcite is stable up to

~825C (Boynton. 1980: Dean. 1992). above which calcite

decomposes to calcium oxide. Crystallographic details and

AFM images of calcite (1 04) surfaces are presented in

following sections about crystal formation on foliar laths.

There was some surface roughening at (he nanometer

level of the pyroly/cd surfaces of the control, calcite rhom

bohedrons. which again might result from healing the sat-

urated, hydrated layer. When placed in calcite-saturalcd

fluid, these surfaces smoothed out in a matter of minutes.

forming irregularly bordered steps along (I 04). When

placed in calcite-supersaturated fluid, accretion along the

i I 4 I steps was easily seen, and no surfaces other than

i I 04) calcite were observed.

The day prior to viewing by AFM. single foliar chips

were removed manually from the vial and glued onto glass

discs attached to stubs as described above. The chips were

then stored overnight in a plastic box so that the polyure-

thane adhesive became firm. The box was not completely

gas-tight, but it was purged wilh dry nitrogen, shut, and

sealed along the edges with I'aralilm. Including this treat-

ment, and the interval of up to an hour while the chip was

being aligned and positioned under the AFM probe, the

chips were only minimally exposed to ihe atmosphere.

Atomic force microscopy and the crystal growth .\s\

Constant-force, contact-mode AFM(Digital Instruments)

was used, including a flow-through AFM crystal growth

assay, as previously described (Sikes ct at.. 1998). The

artificial seawater of the crystal growth experiments con-

sisied of 0.5 M NaCl. 0.01 M KC1. 0.01 MCaCl
:

. with

NaHCO, varied over the range of 2 to 10 m.V/. The solutions

were prepared at 200 ml in a 250-ml. water-jacketed, glass

beaker (Fisher Scientific). Reactions were thermostated at

25 0.1 C by use of a recirculating bath (Neslab. model

RTE-210). Fluids were pumped through the fluid cell of the

microscope at 75
JJL\

min
'

by use of a peristaltic pump
(Cole-Parmer. Masterflex) with Silastic tubing.

The pH of the fluids was adjusted to 8.32 0.02 and

monitored continuously by pH meter and strip chart. In most

experiments, the solutions were completely metastable dur-

ing the course of crystal growth (i.e., supersaturated but not

spontaneously nucleating) such that the pH held steady

throughout, both in the inflow and outflow of Ihe fluid cell.

This showed that the conditions of crystal growth were

essentially held constant, at least in ihe bulk phase, even

when crystals were growing on ihe surfaces of the folia.

This constancy was achieved hy keeping the foliar surface-

area low relative to the volume of the fluid cell and the rate

ol flow through it. In some cases at highei levels of dis-

solved inorganic carbon (DIC). crystals of calcile would

spontaneously nucleate in the bulk fluid after a few minutes

(at 10 mMDIC) or about 20 min (at 7 niA/ DIC'). In these

situations, the pH would drill downwards as carbonate ions

were removed from solution.

At least three chips were imaged at each supersaluration.

including several separate surfaces per chip, except for the

treatments at S and 10 niA/ DIC. Under these conditions,

crystalli/ation was so rapid and widespread lli.it the sus-

pended crystals interfered with the laser signal ol the AFM.

In addition, crystals rapidly overgrew each other on the

lohai surfaces, obscuring the morphology. In ihe experi-

ments at lower supersaturalions. images were collected al

intervals during the period of crystal growth, ranging from
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several dozen to as many as 200 images per experiment,

with a total of approximately 2000 images examined.

Surfaces that exhibited homogeneous foliar morphology

were purposefully selected for study. Chips from fractured

oyster shell often exhibited surfaces that were more pris-

matic, chalky, and amorphous, or had mixed morphologies.

When these were encountered, the AFM probe was either

moved to another location or, if necessary, the chip was

discarded.

Scanning electron microscopy

Foliar chips were dehydrated by vacuum at 1 mTorr for

15 min, then coated with a layer of approximately 35 nm of

gold in a HummerX sputter coaler (Anatech. Ltd.). Speci-

mens were viewed with a JEOL 848 scanning electron

microscope operated at 35 kV.

Calcitt 1 models and morphology of ectopic crystals

Computer models of calcite morphology and atomic pat-

terns of lattice planes were made using Cerius" molecular

modeling software (version 4.0, Molecular Simulations.

Inc., San Diego, CA). Plane angles of ectopic crystals and

foliar surfaces were measured by means of cross-sectional

analysis of AFM images (raw data, before flattening) using

AFM imaging software (version 4.1, Digital Instruments,

Santa Barbara. CA). Measurements of vertical angles

greater than 55 may be subject to a kind of AFM tip

artifact, which registers such angles as being approximately

55. Although this may have been encountered in some

cases in the present studies, it certainly was not always the

case, with angles significantly greater than 55 frequently

encountered. Details of calibration of AFM scanners for

measurements of length, width, height, and atomic spacings,

as well as procedures to guard against other possible AFM
artifacts are given in Sikes el at. (1998).

Calculation of supersaturations

Supersaturations (O, Table 1 ) were obtained for calcite at

the various levels of DIC for the artificial seawater by use of

Mineql + (version 3.0. Environmental Research Software,

Hallowell, ME). The calculation involved dividing the sol-

ubility constant for the synthetic seawater (log Ksp =

-7.27) into the product of the concentrations of free, ionic

calcium (
- 10~

2 M) and carbonate (level of DIC multiplied

by an ionization fraction for CO,
2

", both corrected for ion

pairing).

Results

Figure 1 is an atomic force ( AF) micrograph of a control

chip of fractured oyster shell showing the overall foliar

morphology of several sheets of calcite composed of laths

lying side by side. A detailed view of a surface of this chip.

Table 1

Calculated supersalnrutions (ill" of artificial seawater
1 '

with respect in

calcite. as determined by use of Mini't// +

Calcium

(mA/l
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each other, obscuring the original morphology and sinl.nv

structure (Figs. 12-14).

At (I = 26.9, crystal growth on pyroly/ed foliar surfaces

essentially instantaneous. I -Inch ectopic crystal had a

singular, uniform morphology and orientation along the

foliar laths (Figs. l.\ 16). For example, as seen in Figure In.

each cil the crystals had a shallower surface, that ramped

upwards lioin right to left at an angle of about 4.V. The
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Figures 1-6. Atomic force micrographs of foliar chips from fractured oyster shell, viewed in artificial

seawater.

Figure 1. An untreated, control foliar chip. Total range of elevation within the imaged area = 500 nm; lath

heights range from 100 to 260 nm. Scale bar = 2.5 /urn.

Figure 2. A foliar surface of the chip of Figure 1. Foliar globular heights range from 10 to 40 nm. The

globules are often arranged in linear arrays as shown here, aligned with the long axis of the laths. Scale bar =

0.5 /nm.

Figure 3. The foliar surface of Figure 2. viewed in artificial seawater after flow-through crystal growth tor

60 min at 10 mMcalcium. 5 mMinorganic carbon. pH = 8.3 (O = 26.9; see the text). The foliar globules had

emerged somewhat and some began to assume crystalline forms: globular heights range from 15 to 50 nm. Scale

bar = 0.5 JJ.ITI.

Figure 4. The foliar surface of Figure 3. same treatment as in Figure 3, showing details of the emerging

foliar globules. Scale bar = 0.25 jam.

Figure 5. The atomic pattern of one of the globular surfaces of Figure 4, imaged by contact-mode AFM in

artificial seawater, saturated with respect to calcite. Notice the hexagonal pattern of the atoms, consistent with

the theoretical spacing of the (001) surface of calcite (see the text). Scale bar = 2 nm.

Figure 6. A pyrolyzed foliar chip from fractured oyster shell. Total range of elevation within the imaged

area = 400 nm. Lath heights range from 120 to 200 nm. Scale bar = 2.5 /im.

other two surfaces of each crystal emerged from the foliar

surface diagonally (from upper left to lower right, and from

lower left to upper right) at angles of about 70, as also seen

in the SEMof Figure 17. The smallest such crystals that

were seen were about 20 nm in length or width and 3 nm in

height. This particular experiment was replicated six times.

with the same results and morphology of ectopic crystals

each time.

Computer models for the purposes of illustrating the

possible orientations of ectopic calcite crystals and the

angles of their surfaces relative to the substrate are shown in

Figures 18 and 19. The atomic relationships of the crystal

lattice are shown in Figure 20.

Generally the upper corner was rapidly completed even in

the smallest of the crystals that were grown at 11 = 26.9

(Figs. 15-17), and there were no flat regions to probe.

However, in a few cases, it was possible to obtain an atomic

pattern from the top surface of a forming corner of such an

ectopic crystal (Fig. 21 ). For comparison, the atomic pattern

of the sides of the crystals (Fig. 22) was not difficult to

obtain, particularly when the laths were presented at an

angle relative to the AFM probe so that the sides of the

crystals were close to perpendicular relative to the probe.

Computer models that we interpret to correspond to the top

surface (Fig. 23) and side surfaces (Fig. 24) are also pre-

sented.

Correlations bet\<,'een the computer models and the ex-

perimental obsen'ations. The model in Figure 19 illustrates

the general features of the calcite rhombohedron of six sides

and eight corners, shown here truncated with small planar

surfaces and with the c axis vertical, in the plane of the

page. The sides (cleavage planes) are the same crystallo-

graphically in terms of the spacings of atoms of calcium and

molecules of carbonate; they are referred to as the (104)

family of planes. An atomic pattern of a (1 04) surface as

observed by AFM is shown in Figure 22, and the corre-

sponding computer model of the protruding oxygen atoms

of the (1 4) surface is shown in Figure 24.

The corners of the calcite rhombohedron, however, are

not all the same. In the model of Figure 19. the top and

bottom corners are crystallographically equivalent to each

other, here truncated with basal (001) planes, which are

perpendicular to the c axis (atomic patterns as in computer

model of Fig. 20). A crystal that nucleates from a horizontal

(0 1 ) plane would form a three-sided pyramid with the c

axis perpendicular to the nucleating surface. The upper

corner would be perfectly centered at the point where the

three planes meet. Each plane would occur at an angle of

22.31 with the nucleating surface, as shown in the model of

Figure 18b.

On the other hand, the other six corners of the calcite

rhombohedron are also crystallographically equivalent to

each other and are formed at points where three cleavage

planes meet that are not so symmetrically arranged. If one of

these corners is turned uppermost so that the c axis is

horizontal and (00 1 ) vertical, the horizontal planes would

be among the family of planes of which (1 1 0) is a

member (atomic patterns as in the model of Fig. 23). A

crystal that nucleates from the (1 -1 0) family of planes

would form a three-sided pyramid having two sides that

form angles of 69.43 with the nucleating surface, with the

third side forming a shallower angle of 44.37, as shown in

the model of Figure 18a, and as observed experimentally in

the AFMand SEMimages of Figures 15-17.

Discussion

Crystallographic aspects

The foliar globules were reduced by pyrolysis to fragile

remnants that were firm enough to be imaged by AFMwhen

dry but were rapidly washed away when imaged in calcite-

saturated. artificial seawater. This suggested that the glob-

ules lost an organic component on pyrolysis but retained a

mineral component that either dissolved, broke apart, or

both upon treatment with the fluid. These results are con-

sistent with prior evidence from chemical, enzymatic, im-
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miiMologie, and morphological approaches thai hail nuli- calcium carbonate plus other minor constituents (Sikes ct

cated that the foliar globules appeared to be agglomerations <//.. IWXi.

of protein molecules and mineral, presumably amorphous The foliar globules had no crystallographic surface tea-
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Figures 7-12. Atomic force micrographs of pyroly/ed foliar chips from fractured oyster shell.

Figure 7. Chip viewed dry. The chip had not been rinsed after pyrolysis. It was stored in nitrogen in a

gas-tight vial. Heights of foliar remnants ranged from 8 to 24 nm. Scale bar = 0.5 /im.

Figure 8. Chip viewed in artificial seawater. saturated with respect to calcite. Foliar globular remnants had

mostly dissolved or washed away, revealing a fine crystalline texture of crystal elements with heights of about

2 nm that emerge obliquely from the foliar surface. Scale bar = 0.5 pm.

Figure 9. Chip viewed in artificial seawater after flow-through crystal growth for 10 min at 10 mMcalcium.

2 mMinorganic carbon. pH = 8.3 (!! = 10.7; see text). The crystal elements of the foliar surface began to

become more visible. The lateral emergence of crystal blocks from the edges of laths can be seen at the upper

left of the image. Scale bar = 0.5 JLUTI.

Figure 10. The same pyrolyzed foliar surface as in Figure 9, viewed under the same conditions after 5 h of

crystal growth. The crystal elements of the foliar surface had clearly enlarged: height of the emerging crystal

ranged from 2 to 8 nm. Again, the lateral emergence of crystal blocks from the edges of laths can be seen at the

upper left of the image. Scale bar =
O.Sfim.

Figure 11. The same pyrolyzed foliar surface as in Figure 10, viewed under the same conditions after 5 h

of crystal growth. Details of the emerging crystal elements can be seen, including the oblique angle at which they

emerge from the foliar surface. Scale bar = 0.25 jiun.

Figure 12. A chip viewed in artificial seawater. saturated with respect to calcite. Some of the texture of the

crystal elements of the foliar surface can be seen. Scale bar = 0.5 /j.m.

tures such as planes or angular aspects, and no atomic

patterns were obtained from them by AFM. The term uninr-

phoiis is used here to emphasize this lack of crystalline

features; it is not necessarily meant to ascribe an exact

equivalence between the mineral of the foliar globules and

amorphous CaCO, that might be formed inorganically at

high $1, although such an equivalence is certainly possible.

The probable occurrence of amorphous CaCO, within car-

bonate biominerals has long been inferred (Lowenstam and

Weiner, 1989; Simkiss and Wilbur. 1989; Simkiss. 1994)

and has received increased attention as both a common and

abundant component of such structures (Aizenberg el ai.

1996; Beniash et /., 1997: Weiner and Addadi. 1997).

Another possible indication of the amorphous nature of

the mineral component was that the foliar globules did not

nucleate calcite crystals from solutions at low supersatura-

tions. When supersaturations were purposefully raised to

force crystallization, crystals slowly emerged from the glob-

ules. Upon enlargement of the crystals such that flat upper

surfaces and sides could be probed, these crystals were

observed to have (001) top surfaces and (1 04) sides, and

eventually formed a symmetrical pyramid at the upper cor-

ner. Such crystals evidently emerged from the basal plane of

calcite in the form depicted by Figure 18b, and ultimately

fused to form aggregates.

These crystals are not thought to indicate the crystal

structure of the underlying calcite lath. Rather, nucleation

from the basal plane is known to be promoted by polyan-

ionic proteins from biominerals (Addadi and Weiner. 1985;

Addadi et ill.. 1987). which are one component of the

globules, or this may simply be a favored mode of growth

from an organic/amorphous CaCOA composite.

The pyrolyzed foliar surfaces consisted of tightly packed

arrangements of mineral protrusions, each of a width of

about 10 nm. that emerged obliquely from the plane of

foliation (Figs. 8-10). The mineral protrusions, like the

original foliar globules, exhibited no identifiable, crystallo-

graphic features or atomic patterns. Although pyrolysis cer-

tainly destroyed most of the organic component, it is pos-

sible that some of the binding groups, such as carboxylates

and phosphates of the polyanionic proteins, were actually

imbedded as part of the crystal lattice (Mann et ai, 1990;

Wierzbicki etui, 1994; Sikes and Wierzbicki. 1995, 1996),

and thus may remain there even when the rest of the protein

is gone. Conceivably, this could disrupt the atomic patterns

that might otherwise be revealed by AFM.

Even at the lowest supersaturation (O = : 10.7) of the

study, crystals slowly emerged from the pyrolyzed foliar

surfaces over a period of 5 h. The general morphology of the

underlying, nanoscale crystal elements of the folia was

maintained during this interval at this level of 11. Although

no obvious crystallographic features were seen, the crystal

elements did appear to emerge with identical orientation at

an approximate angle of 45 to the pyrolyzed foliar surface

(Fig. 11).

As the supersaturation was increased to fl = 26.9, how-

ever, clearly observable crystallization was almost instanta-

neous (Figs. 15-17). The crystals, even the smallest ones

with nanometer dimensions on the order of crystal nuclei,

all had the same morphology and orientation along the foliar

laths. In some cases, the uppermost plane, parallel to the

plane of foliation, was resolvable at the atomic level by

AFMas the ( 1
-

1 0) surface of calcite (Fig. 21 ). The crystal

morphology, including measurements of angles of the sides

of the crystals (one side at 45, the other two sides of the

pyramids at 70) relative to the surface, was consistent

with calcite nucleating from one of the ( 1 1 0) family of

planes, with one of the six "nonbasal" corners uppermost, as

depicted in Figure 18a. In this morphology, the c axis was

parallel to the plane of foliation, aligned with the long axis

of foliation. Similarly, the foliar globules are frequently so

aligned, forming linear arrays along the long axis of folia-

tion (Figs. 2, 3).

Evidently, pyrolysis had removed the foliar globules and
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exposed (1 10) surfaces that served us nucleation sites for

the cctopic crystals. The soluble proteins from oyster shell,

as well as other pnlyanionic adsorhates. are thought to have

lor the (I I Ui siirlace ol
'

calcite (Ueim.in ft

nl.. I9XX: Didynuis ft til.. 1993; A I heck ft <;/.. I Wo), \\ilh

binding parallel to the r axis being one preferred orientation

( Wier/hicki ft <//.. 1994). Therefore, u seems consistent that

the foliar globules, to the extent that at some point they ha\e
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Figure 13. Atomic force (AF) micrograph of the same pyrolyzed surface as in Figure 12. viewed in artificial

seawater after flow-through crystal growth for 6 min at 10 mMcalcium, 3 mMinorganic carbon. pH = 8.3 (fl
=

16.3: see the text). The crystal elements of the foliar surface had enlarged. Scale bar = 0.5 fim.

Figure 14. AF micrograph of the same pyrolyzed surface as in Figure 13. viewed under the same conditions,

after 30 min of crystal growth. The crystal elements of the foliar surface had continued to grow, merging into

larger forms, overgrowing each other and obscuring the original morphology. Scale bar = 0.5 /urn.

Figure 15. AF micrograph of a pyrolyzed foliar chip from fractured oyster shell, viewed in artificial

seawater after flow-through crystal growth for 7 min at 10 mJWcalcium. 5 mMinorganic carbon, pH = 8.3 (D =

26.9; see the text). Large numbers of ectopic crystals of characteristic and uniform morphology and orientation

had formed almost instantly on the surface. Height of the ectopic crystals ranged from a few nanometers to 250

nm after 7 min. Scale bar = 2.5 /xm.

Figure 16. AF micrograph of the same pyrolyzed surface as in Figure 1 5. viewed under the same conditions

after 10 nun of crystal growth. The ectopic crystals had nucleated from the foliar surface as asymmetric,

three-sided pyramidal forms, each with identical morphology and orientation. The crystals were essentially

everywhere on the surface, with the smallest ones a few nanometers in height, and the largest ones in the imaged

area about 200 nm in height. Scale bar = 0.5 jim.

Figure 17. A scanning electron micrograph of a pyrolyzed foliar surface treated the same as in Figure 15,

again showing the ectopic crystals that emerged from the foliar surface as asymmetric, three-sided pyramidal

forms, confirming the morphology as seen in the AFM images. Scale bar = 0.5 fim.

Figure 18. Computer models of three-sided, pyramidal, ectopic crystals, viewed from above, (a) A crystal

that would be nucleated from the ( I

-
I 01 surface of calcite. with the orientation of the r axis shown by the arrow

pointing upwards in the plane of the page. The surface of each side would be equivalent and of the (104) type,

but the corner is formed asymmetrically at the point where the three sides meet, such that two sides would

emerge from the surface at an angle of 69.43'. with the third side emerging at an angle of 44.37. This model

is consistent with the morphology of the ectopic crystals that were grown on the pyrolyzed foliar surface, (b) A

crystal that would be nucleated from the (00 1 ) surface of calcite. with the orientation of the c axis shown by

the symbol indicating perpendicularity to the page. Each surface would be equivalent to the others, with the

corner formed symmetrically at the point where the three sides meet. Each side would emerge from the surface

at an angle of 22.31.

similar polyanionic proteins available for binding to shell

calcite, might bind to the ( 1 1 0) surface, parallel to the c

axis.

As suggested by previous workers, it seems reasonable to

assume that the ectopic crystals will track the underlying

biomineral calcite lattice (Okazaki and Inouye, 1976; Oka-

zaki etui., 1981; Runnegar, 1984), especially if any organic

covering is removed from the biomineral. Following this

assumption, the foliar surface would appear to be the

(1-10) surface of calcite. In addition, the laths evidently

elongate along the c axis.

This interpretation is consistent with the X-ray data of

Taylor et ul. ( 1969), who reported that the plane of foliation

was parallel to the c axis. These authors noted an inclination

of the folia relative to the shell surface and were able to

arrange the actual plane of foliation to be parallel to the

slide on which the shell was mounted by correcting for an

angle of 26 at which the folia emerged to form the surface

of the shell. On the other hand, mounting the shell itself as

parallel to the slide in effect would rotate the plane of

foliation by about 26, which brings one of the ( 1 4)

family of planes as perpendicular to the X-ray beam. This is

consistent with the findings of Runnegar (1984), who re-

ported (I 04) reflections as indicative of inner surfaces in

X-ray work with fragments cut from shell. In addition,

Runnegar (1984), following the method of Okazaki and

Inoue (1976), also grew ectopic calcite at very high (1

(>1()00) on bleached shell surfaces, revealing asymmetri-

cal, three-sided pyramidal crystals, perhaps the same as

observed herein.

Other workers (Wada. 1963. 1968; Watabe. 1965. 1981)

had observed crystallites on folia that were arranged with

the c axis vertical to the plane of foliation and therefore

thought to be nucleated from the (00 1 ) plane. Wehave also

sometimes seen this on control, foliar chips that have prom-

inent ectopic. polygonal crystals that appeared to be nucle-

ated from the basal plane (not shown). As reported herein,

the control foliar surfaces may act as nucleation sites for

such basal calcite crystals at relatively high levels of super-

saturation.

The c\cle of mineralization in vivo

The formation of shells as layers of mineral interspersed

with organic sheets implies a cyclic process of organic

secretion and inorganic mineral growth (e.g.. Degens, 1976;

Wheeler and Sikes, 1989). Details central to this process are

poorly known but include the in vivo levels of fi and the

organic components, as well as the relative timing of secre-

tion of lattice ions and organic matrix. The AFMmeasure-

ments of growth of calcite on shell fragments, together with

measurements of shell growth in vivo, may provide a way to

estimate the effective fl in vivo, as well as the time frame of

lath formation, as explained below.

Starting with the possible levels of lattice ions and or-

ganic matrix in vivo, measurements of the ionic and organic
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23

composition of extrapalliul fluid (FPF. ihe medium of shell

formation), are available by means of exacting microanal-

ysis following attempts to sample the fluid. In the Eastern

oyster, the estimate (C'renshaw, 1972) of calcium content

was close to that of seawater at nearly 10 m/V/, inorganic

carbon was as high as 5 mM(with seawater normally at

about 2.2 mM), but the pH at about 7.4 was notably lower

than typical values for seawater ( 8.2), which in turn would

result in significantly lower levels of carbonate ion. These

conditions of the EPF would convert to an il of 2.83, which

is quite low. Studies of the EPF of other molluscs yielded

roughly similar results (Wada and Fujinuki. 1976; Misi-

ogianes and Chasteen. 1979; Nair and Robinson. 1998).

Moreover, other solutes of the FPF such as magnesium.



CALCITE GROWTHON OYSTERSHELL FOLIA 61

Figure 19. Computer model of a calcite rhombohedron. The model is depicted with the c axis upward, in

the plane of the page. Planes are cut through the eight corners. The arrows indicate the bottom and top planes

(basal planes), which are (001) surfaces. The planes through the other corners are the family of ( 1 1 0) planes.

Each of the sides is a member of the (104) family of planes.

Figure 20. A computer diagram of the (001) surface of calcite, showing an upper plane of calcium atoms,

and an underlying plane of carbonate groups. Notice how the calcium atoms coordinate with three oxygens of

separate underlying carbonate groups. Each calcium atom also would coordinate with three oxygens of separate

carbonate groups of a carbonate homoplane (not shown) that would overlay the calcium plane in a similar

manner, with successive homoplanes of calcium and carbonate alternating to form the calcite crystal. The c axis

runs perpendicular to the (001) plane. The a axes are shown as the grid of lines on the diagram. The (1
-

1 0)

family of planes also run perpendicular to the (0 1 1 plane (or parallel to the c axis), emerging perpendicularly

from the a axes. Scale bar = 0.5 nm.

Figure 21. Atomic force (AF) micrograph of the atomic pattern of one of the uppermost surfaces of the

crystals of Figure 16. The spacings of atoms are consistent with the ( 1
-

1 0) surface of calcite. The more clearly

resolved rows of atoms (from upper left to lower right) are thought to correspond to protruding oxygens of

carbonate groups, with the atoms that tend to blend together in the other rows (also from upper left to lower right)

corresponding to calcium atoms that are somewhat recessed into the surface. Scale bar = 3 nm.

Figure 22. AF micrograph of the atomic pattern of one of the sides of the ectopic crystals as in Figure 16.

viewed in artificial seawater saturated with respect to calcite. The spacings of atoms are consistent with the

(104) surface of calcite. In this image, each lattice position is thought to correspond to a protruding oxygen atom

of the carbonate groups, which are elevated to some extent relative to calcium atoms that occur just below the

(I 04) surface. Scale bar = 2.0 nm.

Figure 23. A computer diagram of the ( 1
-

I 0) surface of calcite, showing the oxygen atoms (white) of the

carbonate groups outermost and the calcium atoms (gray) slightly recessed into the surface. The number of

oxygen atoms per unit area of this surface is not nearly as dense as in the ( 1 4) surface, and therefore both the

oxygens and the calcium atoms can be seen in AF micrographs of the (1 1 0) surface. The atoms within one

row of oxygens are spaced 4.99 A apart, with the nearest oxygens in separate rows 8.53 A apart. This matches

within 5% of the atomic spacings of the uppermost, forming surface at the corner of one of the ectopic crystals

on a pyrolyzed foliar surface as seen in Figure 21. Note that if only every other row of oxygens of the ( 1 04)

surface has the atoms clearly resolved, with the other rows of oxygens having atoms blurred together (again with

no calcium atoms observed at all), which can be done by increasing the force of the AFMprobe as well as the

gain setting, a pattern somewhat similar to the (1
-

1 0) pattern can occur. However, the spacings and angles

between atoms of the two surfaces still differ, as does the number of atoms per unit area. Scale bar = 1.0 nm.

Figure 24. A computer diagram of the ( 1 04) surface of calcite. showing only the outermost oxygen atoms

of carbonate groups, as are seen in AF micrographs of this surface. The calcium atoms are recessed by about

1 A into the surface and do not show up in AFM's due to the closeness of the surface oxygen atoms. The nearest

neighbors of outermost oxygen atoms form rhombohedrons with spacings of 4.24 and 4.99 A, which matches

within 5%of the spacings as seen in Figure 22 of the sides of the ectopic crystals on a pyrolyzed foliar surface.

Scale bar = 2.0 nm.

phosphate, small chelants that bind soluble calcium, and

organic components like soluble shell proteins are all inhib-

itory to calcite formation. If these constituents are taken into

account, the measurements actually suggest that the EPF is

undersaturated with respect to calcium carbonate.

In this regard, Wilbur and Bernhardt ( 1984) attempted an

in vitro assay for calcite formation based on prior estimates

of the content of EPF. It was necessary to raise calcium to

28.2 mMand inorganic carbon to 7.6 mMat pH = 8.33

(including Mg at 47.2 mM, but no phosphate and no organic

compounds) to obtain nucleation after about 20 min at

21C. These levels of soluble lattice ions correspond to ft =

72.4. In the absence of Mg, under otherwise similar condi-

tions, we obtained nucleation after about 20 min at fi =

37.2.

By comparison, seawater itself is considered to be mildly

supersaturated with respect to calcite (II
~

10). However,

again, the other constituents such as magnesium, phosphate.

and organic components act to stabilize seawater so that

calcium carbonate does not normally precipitate.

Turning to rates of shell deposition in vivo, on the other

hand, direct measurements of shell enlargement revealed

substantial rates of carbonate deposition that are indicative

of notably high supersaturations. For example, in the scallop

Argopecten imulicms and the marine clam Mercenaria mer-

cenaria, shell enlargement was measured by radioisotopic

approaches to range from about 0.1 to 2.0 /nm cm" 2
h~'

(Wilbur and Jodrey, 1952; Wheeler et ai, 1975; Wheeler

and Wilbur, 1977; Dillaman and Ford, 1982). By dividing

by the density of shell, this value was converted to an

increase of a single linear dimension such as thickness or

elongation of about 35 to 700 nm cm~2
h~'.

Regarding the possible levels of fi in vivo as indicated by

AFMobservations of calcite growth in vitro, the measure-

ments of calcite formation on pyrolyzed foliar surfaces

under controlled conditions of supersaturation indicated an
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emergence of foliar crystal elements of about 1 to 2 nm h
'

at (1 = 10.7. At fi = 16.3. the average crystal growth over

the surface was about 100 to 150 nm h '. At 11 = 26.9, on

average, the ectopic crystals emerged from pyrolyzed foliar

surfaces at 300 to 500 nm h~ '. Comparison of these values

to the above-referenced measurements of shell thickening

suggests that the levels of fi locally \\ithin the EPF must

have been in the range of about 16 to 27. and perhaps even

somewhat higher, exclusive of the effects of any inhibitory

constituents of the EPF that may have been present. It

soluble inhibitors of calcite formation were present, the

levels of fi would need to be even higher to dri\e the

observed rates of shell growth.

One issue that affects direct measurement of constituents

of the oyster EPF is the ability to obtain fluid for analysis.

The mantle lies essentially in contact with the shell and the

volume of EPF available for sampling is thus minimal to

nonexistent (e.g.; see figure 9 of Watabe. 1974; figure I of

Erben and Watabe. 1974: and figures 2 and 4 of Bevelander

and Nakahara. 1980). Consequently, direct analysis of the

actual levels of lattice ions and various inhibitors or pro-

moters of crystalli/ation in the fluid of minerali/ation may
be impossible (Wheeler and Sikes, 1989: Wada. 19W

assuming that there is a fluid as such. Having some bearing

on the question of whether fluid is present is GaltsotTs view

(1964) that minerali/ation in the oyster is a kind of solidi-

fication within a gel-like layer that is deposited by the

mantle on the shell as it grows. He observed rhythmic

back-and-forth movements by the mantle on the shell along

the direction of foliation. These movements were accompa-
nied by deposition of a highly viscous coating, which sub-

sequently became minerali/ed (see also Carriker el cii.

I ''SO; Carriker. 1996). Crenshaw (1990) and Calvert and

Crockett (1997) have further reviewed aspects of hiomineral

formation within a possibly gel-like precursor.

When extracted by slow dissolution of shell, the shell

matrix proteins, most of which are fundamentally similar in

amino acid composition, are collected over a continuum of

molecular weights (M u ) that ranges into the millions and

higher (Wheeler el <;/., 1988). The higher Mw fractions are

gelling materials that are highly interactive with water but

not actually water-soluble (Wheeler and Koskan. 1993:

Wheeler el nl.. uiipubl. ohs.). Some of the lower Mu mate-

rials that are released from shell as soluble fractions might
also be linked to the gelling matrix when in the shell, but

this is not known.

The possible significance of soluble versus gelling pro-

teins bears on the question of the effective supersaturation

of the mincrali/ing environment. Even low doses of soluble

protein from oyster shell are strongly inhibitory to calcite

nucleation (0.1 /ag protein ml
'

at fi = 42.7; Wheeler and

Sikes. 1989) or growth ol e.ileiie seed crystals (0.015 /u.g

protein ml" 1 cm 2
at fi < 5; Low, 1990: Wheeler el al..

1991). The incorporation of (he soluble protein into the

crystals under these conditions was measured at 0.4 to 0.5

^ig pmole
'

calcite (Sikes and Wheeler, 1986). which is

approximate!) equal to the amount of the protein that occurs

in the folia.

However, if the shell is to grow at the rates that have been

measured in vivo, which would require levels of fi that are

significantly elevated relative to seawater. it would seem

that the shell protein, if present at all during intervals of

mineral deposition, would occur in the minerali/ation fluid

in soluble form at levels too low to account for the amount

of protein in shell. However, this problem could be oxer-

come if the secretion of shell protein by the mantle were

episodic such that intervals of shell growth, during which no

inhibitory proteins were present at the site of crystalli/ation,

were followed by intervals during which the newly formed

mineral layer became covered by proteinaceous material.

In this framework, the measurements of inhibition of

calcite formation in vitro at low doses of samples of whole

EPF (Wilbur and Bernhardt. 1984) may be understood.

When 210
/j.1 of EPF from M. mercenaria was added to a

calcite growth assay, inhibition was observed at roughly the

level of 0.1 jug protein ml
'

established in other studies

(Wheeler and Sikes. 1989). Given the volumes used in the

assay, this would suggest that the EPF sample contained

about 3 /u.g of protein, or roughly 15 /jig protein ml
'

of

EPF. This is such a high level that it would totally inhibit

shell growth, even at very high fi. if the protein molecules

were present in a soluble form that could interact with the

cry sial surfaces. On the other hand, it a pulse of protein into

the liPF was layered quickly onto a fresh mineral layer of

shell and followed by an interval of protein-free EPF of fi

in the range of 16 to 27. the pattern of mineral deposition

that is observed in foliar layers could occur. If such intervals

of pulsed secretion are on the order of minutes, then samples

of EPF". which consist of pooled \olumes collected over

periods of hours (Wada. 1990). would always contain shell

proteins. There is evidence to support these speculations, as

follows

First, the foliar laths have thicknesses in the range 100 to

350 nm. As cited above, the shells of various molluscs have

been measured to thicken at rates of 100 to 700 nm h ', thus

formation of individual laths appears to occur at a rale of

about 1 or more per h. Each" lath is covered by a layer of

foliar globules, which are thought to consist of shell protein

and amorphous CaCO,. This morphology is consistent w ith

pulsed secretion of the protein, perhaps during an interval of

only a lew minutes per hour, when the protein is removed

from solution by binding to the previously formed mineral.

Following that, a period on the order of an hour of protein-

free crystal growth would occur. Next, a new organic layer,

which appears initially to be a gel (Wheeler el cil.. unpubl.

ohs.). is secreted, hinds to the lath, and subsequently he

comes covered by calcite. Thus, the gelled organic layer

also becomes minerali/ed during this process, apparently in

the form of amorphous CaCO, of the Foliar globules.

Conceivably, the next layer of calcite could nucleate from



CALCITE GROWTHON OYSTERSHELL FOLIA 63

the organic layer, from exposed areas of calcite of the

underlying lath, or both. That there are exposed areas of

calcite even after the organic layer is bound seems probable

because the pyrolyzed foliar chips were firm and did not

crumble on handling following removal of the organic ma-

terials. This suggested that the mineral was continuous

throughout the layers of folia. Direct evidence of continuity

of this type has been observed between aragonitic tablets of

the nacreous layers of shells (Watabe, 1981; Giles et al.,

1995). If there are areas of exposed calcite on the foliar

surfaces after the organic layer is bound, these would serve

as ready nucleation sites for new laths. Such exposed areas

of calcite were not visually evident in the AF micrographs

of fractured surfaces of folia, and therefore would necessar-

ily be very small, presumably on the scale of nanometers.

The foliar globules themselves were not particularly ef-

fective as nucleation sites, and calcite crystals that were

nucleated from them by raising the level of 11 did not appear

to have the crystallographic orientation and morphology of

the pyrolyzed lath. Hence, each succeeding foliar layer

seemed to track the mineral of the underlying layer rather

than to derive from the amorphous character of the foliar

globules.

Another line of evidence that is consistent with the notion

of a cycle of mineralization as presented above involves

measurements of interactions of the soluble protein from

oyster shell with calcite in vitro. When the protein was

bound to calcite crystals, the maximum capacity of binding

was 0.18 ;u,g cm2
(Wheeler et al., 1991 ). Taking a value of

0.5% protein by weight in foliar shell, which agrees well

with measurements of protein content of shell extracts,

including foliar layers (reviewed in Sikes et /., 1998). and

with radioisotopic incorporation of the protein into calcite in

vitro (Sikes and Wheeler. 1986), there would be 0.5 /ng

protein per jumole (100 ^.g) calcite. Using 2.6 as a typical

value for the density of shell (Wheeler et til.. 1975). there

would be 13 mg protein crrT
3

of shell. If this protein were

deployed in layers at 0.18 fig protein cirT
:

, there would be

enough protein to form a stack of 72,222 layers of 1 cm2
in

each cm\ This corresponds to about 140 nm per layer

(including the protein), which is at the low end of the range

of thicknesses of a foliar lath.

One problem with these conjectures about binding and

coverage involves drawing inferences from in vitro studies

and applying them to in vivo processes. For example, the

binding studies were based on measurements of the inter-

action of the protein with (104) surfaces of calcite. More-

over, the incorporation studies permitted the protein to

interact freely with the growing crystal and likely involved

several surfaces. The in rivo interaction, on the other hand,

appeared mainly to be with the ( 1
-

1 0) surface.

The binding affinity of the protein to the ( 1
-

1 0) surface

has been calculated to be higher than to the (104) surfaces

(Wierzbickma/.. 1994; Sikes and Wierzbicki. 1995, 1996).

However, the binding capacity and coverage of the surfaces

would probably be similar. That is, taking the average

oyster shell protein as a globule at 50 kD with a linear

dimension of about 5.4 nm (Sikes et al., 1998), each unit of

protein would cover about 30 nm2
. The maximum capacity

of 0.18 /ng of protein per cm2
of calcite would represent

2.17 X 10
12

molecules (50 kD = 8.3 X 10~
2 "

g), or a

coverage of 6.5 X 10
13 nm2

. Comparing this to 1 x 10
14

nm2

per cm2
suggests that 0.18 ju,g of the protein would

cover most of 1 cm2
of calcite regardless of the specific

surface. Of course, it is also possible that the protein mol-

ecules (and the foliar globules) can form more than a

monolayer on the calcite of the laths. This in turn would

translate into laths of greater thickness as calculated above,

which is often seen in the AFM and SEM images, both

herein and in prior studies.

Conclusions

Overall, the evidence can be interpreted to support a

hypothesis of pulsed secretion of the shell proteins, deple-

tion of the soluble protein from the EPF upon binding to the

mineral of laths, and subsequent intervals of growth of new

mineral at relatively high fi. The pulses of shell proteins

might occur in a time frame of minutes, with the interval of

mineral growth more on the order of an hour. The hypoth-

esis would include secretion of the proteinaceous material

primarily as a gelatinous covering that terminates the

growth of the underlying lath and defines its surface as a

member of the calcite (1 1 0) family of planes.

In view of the need to elevate fl to support the observed

rates of folia formation in vivo, as well as to overcome the

influence of soluble inhibitors in the EPF, it seems neces-

sary for the organism to make significant metabolic invest-

ment in mechanisms to generate the mineralizing microen-

vironment. As indicated in many prior studies and reviews,

although perhaps not at the magnitude suggested herein, the

necessary supply of lattice ions may be provided by mech-

anisms such as direct active transport of inorganic carbon or

calcium, or a combination of transport processes.

Another factor to consider is the formation of the crystals

in thin, unstirred layers that are diffusion-limited. Watabe

and coworkers (Watabe et al.. 1958; Watabe and Wilbur,

1961) noted that folia formation produced tablet-like mor-

phologies that were similar to CaCO-, crystals grown in

vitro in unstirred layers, probably initiated in an area of

highest fl with growth toward regions of lower 1, thus

producing directional laths. Although crystallization assays

often involve high rates of stirring to eliminate diffusion as

a rate-limiting variable, some assays have been run under

diffusion-limited conditions with concentration gradients

into unstirred layers. It is interesting to note that calcium

carbonates so produced frequently do exhibit tabular mor-

phologies that resemble foliar laths to some extent, includ-

ing crystals grown in the presence of shell protein (Fallini et

nl.. 1996; Weiner and Addadi. 1997). In related observa-
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lions, Gower (Gower and Tirrell. 1998; Gower. pcis.

comm.i has noted thai at higher concentrations under spe-

cific conditions of unstirred supersaturation. low Mw s,

poKaspartates and acidic polypeptides can induce \\\
'

droplets of a liquid-like, mineral-precursor phase that con-

verts to calcitic tablets and other CaCO, struct urev

It thus may also be useful to keep in mind thai in i only

can the shell matrix proteins be arranged as the suptamo-

lecular assemblage of the gelling material, but aNo even the

soluble molecules of relatively low M, A
can agglomerate

both in solution and when binding to mineral in the torm ol

ellipsoids of linear dimensions up to about I no nm i \Vieiv-

bicki et al.. 1994; Sikes et al.. I998t. Such associatise

behavior of other biomineral proteins such as dentin phos-

phophoryn. as well as other polvamomc proteins such as

casein, has been reviewed hv Maish i |9,X9a. hi. who also

observed agglomerations ot phosphoproteins and mineral

salts including amorphous calcium phosphate in nonminer-

ali/ing compartments ol some molluscs i Marsh and Sass.

1983. 1984. |985i. None ol these protein-mineral agglom-

erations appeared to be very effective as nucleators ol

crystals of shell or teeth (Marsh. I98h. I989a. b. 1994).

Similarly, the anielogeiims. the principal proteins of the

formative stage of tooth enamel, have been shown to form

gels composed of agglomerative "nanospheres." These

nanospheres have been observed in viva with dimensions of

15 to 20 nm (Fincham et til.. 1994. I99S) and in \-itru with

dimensions that range to 100 nm and higher (Wen et al..

1999). The amelogenins are mainly hydrophobic. hut they

do have anionic C-termini that appear to occur at the surface

of the nanospheres and interact there with the calcium

hydroxyapatite of enamel. The amelogenin nanospheres are

thought to function less in apatite nucleation than in local-

i/ing and orienting the developing enamel crystallites prior

to their maturation (Fincham </ </!.. 1999).

Examination, by AFM. ol the role ol such factors and

mechanisms in shell formation will require study ol calcite

growth in the presence and absence of soluble and gelling

fractions of oyster shell protein under conditions of static-

fluids pulsed at different levels of il. In addition to turihei

work with fracture surfaces of folia, observations of crys-

talli/ation on native surfaces o| the leading edge where shell

formation is initiated will be helpful.
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